Abstract--The
Introduction
THERE EXISTS an increasing amount of experimental evidence suggesting that the mechanical behaviour of the cytoskeleton (CSK) interacting with the cellular environment may determine biological functions of living cells, such as adhesion, differentiation, spreading and apoptosis, and their role in the healing of wounds (CHICUREL et al., 1998; HARRIS et al., 1980; THOUMINE et al., 1996; WANG et al., 1993; WANG and INGBER, 1994) .
The CSK is a complex, three-dimensional, 'solid' network that is mainly composed of three types of filamentous biopolymers, namely actin filaments or F-actin, microtubules and intermediate filaments, in adherent cells, this CSK network ensures attachment to the substrate using focal adhesion points, it has been established that the deformation of living cells subjected to external stresses depends strongly on the spatial rearrangement and/or the possible deformation of some of these interconnected biopolymers, without necessarily affecting the attachment conditions (INGBER and JAMIESON, 1985; SATCHER and DEWEY, 1996; STAMENOVIC and COUGHLIN, 1999; WANG et al., 1993; WENDLING et al., 2000b) .
Structural models of the CSK have helped to elucidate the structural basis of the non-linear stress-strain relationship (i.e. strain hardening) systematically observed in adherent cells and the role of internal tension in the mechanical behaviour of the CSK SATCHER and DEWEY, 1996; STAMENOVIC et al., 1996; WENDLING et al., 1999; 2000b) . However, although these studies have made it possible to analyse the specific elastic properties of living cells, none of them has dealt, so far, with the cellular viscosity clearly found to play a role in many experimental studies (BAUSH et al., 1999; LAURENT et al., 2000; 2002b; MAKSYM et al., 2000; MATHUR et al., 2000; NEMOTO, 1982; SATCHER and DEWEY, 1996; SATO et al., 1990; THOUMINE and OTT, 1997a; VALBERG and ALBERTINI, 1985; VALBERG and FELDMAN, 1987; WANG et al., 1993; WANG and INGBER, 1994; WANG, 1998; Wu et al., 1998; YAMADA et al., 2000) .
More specifically, the factors influencing the visco-elastic responses of cells subjected to external forces have not yet been clearly established, in fact, the large differences observed between cell visco-elasticity measurements suggest that the obtained values of the overall mechanical properties of the cells depend critically on (i) the experimental conditions, i.e. the stress applied, the rates of loading and of cell deformation, the type of cell tested and the adhesion conditions (ii) the physical properties of the cytoplasm components (CSK filaments, fluid, organelles, nucleus etc.) (iii) the mathematical formulations used to describe the probecell relationships (BOEY et al., 1998; CHARRAS and NORTON, 2002; FABRY et al., 1999; LAURENT et al., 2002b; MOHRI and MOTRO, 1993; STAMENOVIC and COUGHLIN, 1999; YAMADA et al., 2000) .
in fact, the mechanical and mathematical models used so far to analyse the mechanical response of the cell consider the deformed cellular medium as an homogenous and continuous medium and thus need to be re-examined in terms of structural contribution. For instance, the early cell visco-elasticity models were mainly based on continuous medium theories and did not take the prior role of the spatial organisation of the cytoskeleton substructures into account (HOCHMUTH and WAUGH, 1987; SATCHER and DEWEY, 1996; SATO et al., 1990; SCHMID-SCHONBEIN et al., 1995; THOUMINE and OTT, 1997a; . More recently, some investigators have suggested that the viscoelastic responses of living adherent cells obtained with certain techniques may, rather, reflect the heterogeneous and multimodular visco-elastic character of the CSK structure, but such an idea has not been systematically evaluated for the wide spectrum of experimental data available (LAURENT et al., 2002a; MATHUR et al., 2000; YAMADA et al., 2000) .
in a recent study, we extended the applicability of the tensegrity concept to investigate the structural visco-elasticity of the cell. Using a visco-elastic 30-element tensegrity model, we have established that the spatial displacements of CSK filaments and the internal tension both contribute crucially to the overall visco-elastic properties of living adherent cells (CANADAS et al., 2002) . in the present study, we reconsider the visco-elastic responses of adherent and non-adherent cells obtained using a much broader range of techniques and we have used the visco-elastic tensegrity model and a visco-elastic open unit-cell model to determine the relevance of two types of mechanism: the spatial rearrangement and the bending of some cytoplasmic components such as F-actin, depending on the geometrical scales and the location at which the external loading was applied (COSTA et al., 2002; INGBER et al., 2000) . The predictions given by these two structural models have been analysed and comparatively evaluated in relation to the wide range of experimental data. We were thus able to draw up a comprehensive picture of the respective weight of foam and tensegrity structural behaviours for the wide range of viscoelastic properties of living cells resulting from a large number of experimental techniques.
Method

Theoretical tensegrity model
The 30-element visco-elastic tensegrity structure shown in compressed by a continuous network of 24 pre-stretched cables. The latter were assumed to behave like visco-elastic Voigt bodies, i.e. elastic elements arranged in parallel with viscous dash-pots. The visco-elastic tensegrity model was studied by the performing of creep tests, in which uni-axial extension was applied so that the parallel bars [1] [2] [3] [4] [5] [6] [7] [8] and [6] [7] [8] [9] [10] [11] were pulled apart by external forces applied at the endpoints of the bar [6-11] (see Fig. la) . The 'opposite' nodes {1, 2, 4 and 8} remained fixed during the deformation of the tensegrity structure to mimic the attachment of the cells to a non-deformable and non-planar substrate (see Fig. la ). The small strain values used in the viscoelastic tensegrity model were deduced from the resolution of the following system of differential equations (CAlq, TADAS et al., 2002) :
where the external force vector {F} is related to both the nodal displacement vector {u}, associated with the global rigidity matrix [K] , and the rate of nodal displacement vector {ti}, associated with the global damping matrix [C] . Assuming small deformations, (1) is solved using a linearised incremental method that consists in computing the nodal displacement (given by the incremental vector {dui}) as a function of the incremental time (dt) (CANADAS et al., 2002) .
Let the nodal displacement be equal to zero at time t = 0, and let Id be the identity matrix. The time constant zt and the apparent elasticity modulus Et of the overall tensegrity model were obtained by (e-0-curve fitting analysis*. The viscosity modulus was then deduced from the values of time constant zt and apparent elasticity modulus Et as follows:
unit-cell model are deduced from this creep equation, and ~, is found to be equal to the time constant of the constitutive bar.
--(6)
~u = Eu E
Both models used similar physical properties of the CSK filaments, i.e. actin filaments with Young's modulus ~10SPa and radius ~4.25 nm (STAMENOVIC and COUGHLIN, 1999) . To determine the global time constant of both models, we have taken the values of the F-actin time constant obtained by PALMER et al. (1999) at low frequencies, i.e. za ~ 10° -101S.
Based on (6), the open unit-cell model predicts a 'global' CSK time constant ~ equal to the 'local' F-actin time constant Za, whereas we have recently shown that the visco-elastic tensegrity model predicts a 'global' CSK time constant smaller than the 'local' one, i.e. "c~[10-1-10°]×'Ca (CAlqADAS et al., 2002) .
Theoretical open unit-cell model
The mechanical behaviour of the cytoskeleton has also been studied using the theory of alveolar solids (GIBSON and ASHBY, 1988) , which postulates that the overall deformation of the CSK associated with the foam is affined to the local deformation of a structural/mechanical unit associated with the open unit-cell model (see Fig. lb ). In this approach, only the F-actin network is taken into account in the aim of analysing the cellular mechanical behaviour. The open unit-cell model is characterised by the length l, the radius a and the Young modulus E of the constitutive bar associated with the actin filaments. The global deformation of the open unit-cell resulting from a uni-axial compressive force F is due to the individual bending 6 of the constitutive elements (see Fig. lb ). An equivalent elasticity modulus E, of the open trait-cell can therefore be defined by the ratio between the equivalent stress applied ((7 = F/12) and the global deformation (~=6/1), as follows (WENDLING et al., 2000) :
where L* (= 1/a) is a normalised length characteristic of the scale of the unit-cell.
To determine the viscosity of this unit-cell model, we consider the visco-elastic behaviour of the bars in terms of a Voigt model, instead of the Kelvin linear solid model used by GIBSON and ASHBY (1988) . During the creep test, a constant stress (7 is applied to the open unit-cell, and the global deformation e is given as a function of the time t, in line with the 'Kelvin' creep equation given by GIBSON and ASHBY (1988) using a Kelvin linear model, which gives the following 'Voigt' creep equation:
LetE be the elasticity modulus and let q be the viscosity modulus of the Voigt model associated with the constitutive bars. The socalled 'structural constant' C1 is taken to equal 1, and (p*/p) is the density ratio, with p* the density of the overall unit-cell and p the density of the constitutive bar (GIBSON and ASHBY, 1988) . The quantified visco-elastic properties of living cells, summarised in Table 1 The theoretical values of the CSK viscosity modulus obtained by the two models are compared in Fig. 2 with previously published experimental measurements performed on several types of living cell. it emerged that the values of the viscosity modulus measured using the microplate device (MD) (THOUMINE and OTT, 1997a) , atomic force microscopy (AFM) (Wu et al., 1998) and micropipette manipulation (MM) (LAURENT et al., 2000; SATO et al., 1990; THOUMINE and OTT, 1997b) fall in the range predicted by the unit-cell model, whereas the values of the viscosity modulus measured by magnetic twisting cytometry (MTC) (LAURENT et al., 2002b; MAKSYM et al., 2000; WANG and INGBER, 1994; WANG, 1998) , optical tweezers (OTs) (LAURENT et al., 2002b) and magnetic bead microscopy (MBM) (BAUSH et al., 1999; NEMOTO, 1982; VALBERG and ALBERTINI, 1985; VALBERG and FELDMAN, 1987) fall in the range predicted by the tensegrity model.
Discussion
it has been well established that the cytoskeleton plays a crucial role in the mechanical responses of living cells (BEREITER-HAHN, 1994; INGBER et al., 1995; MANIOTIS et al., 1997; PAVALKO et al., 1998) . However, very few mechanical models have taken the discrete nature of the CSK into account. These models are mainly based on two classes of structuraldeformation mechanism, namely the tensegrity concept, which focuses on the spatial rearrangement of the structural components, and the foam theory, which focuses on the bending of the constitutive elements (SATCHER and DEWEY, 1996; STAMENOVIC and COUGHLIN, 2000; VOLOKH et al., 2000; WENDLING et al., 1999) .
in the present study, each of these two classes of structural mechanism is characterised by a particular model, i.e. the 30-element tensegrity model and the open unit-cell model. Based on the tensegrity model, the overall deformation and the timedependent mechanical responses of the CSK are determined mainly by the internal tension and the spatial displacements of the individual, tensed CSK filaments. Based on the open traitcell model, the overall deformation of the CSK and its viscoelastic response basically result from a similar amount of bending undergone by individual CSK filaments, in fact, the basic mechanical laws (e.g. the stress-strain curves or stresshardening) have been established for different tensegrity models obtained by varying the length of the elements, the internal tension and the number of constitutive elements, as well as the limit conditions (e.g. the type of external loading and the number of fixed nodes) (KEBICHE et al., 1999; MOHRI and MOTRO, 1993; STAMENOVIC and COUGHLIN, 2000; VOLOKH et al., 2000; WENDLING et al., 2002; 2003) . The open unit-cell model, which is the elementary unit defined in foam theory (GIBSON and ASHBY, 1988) has previously been used by SATCHER and DEWEY (1996) to analyse the influence of the cytoplasmic F-actin network in the mechanical properties of the endothelial cell cytoskeleton.
The behaviour of the two structural models tested here can be characterised by their specific relationships (see (2), (4) and (5)) between the local (i.e. the components) and the global (i.e. the overall structure) properties (i.e. mechanical and geometrical). Owing to the differences between these relationships in the two models, the standard F-actin physical properties used for each structural model yield predicted values of viscosity and elasticity in two distinct ranges. Table 1 and the results of STAMENOVIC and COUGHLIN (1999)). it is interesting to note that these ranges do not overlap.
Thus it would be possible to delineate, within the wide spectrum of techniques and data, which one of the tensegrity and foam mechanisms mainly governs the cellular response. indeed, the predictions given by the open unit-cell model were found to be in agreement with the assumption that, at a very local level and/or in a non-specific region (e.g. outside a focal or adhesion point), individual bending of short actin filaments may be responsible for the mechanical responses of the CSK (WENDLING et al., 2000a) . in contrast, the predictions given by the 30-element tensegrity model have been shown to be consistent with (i) either a global response of the overall CSK structure, involving spatial displacements of larger CSK subdomains, including the strongly tensed stress fibres at a global level (STAMENOVIC et al., 1996; STAMENOVIC and COUGHLIN, 1999; WENDLING et al., 1999; 2000a) (ii) or a local response of a short F-actin substructure, such as the cortical submembrane structure, as recently proposed by LAURENT et al. (2000) .
in agreement with these previous studies, we consider, in the present analysis, that measured cellular visco-elastic properties greatly depend on the mechanical properties of structural elements which, being organised at different locations and scales within the cell, respond in a manner that greatly depends on the types of assembly and loading.
Assessment of the CSK mechanical properties in response to 'non CSK-specific' forces: the open unit-cell model
As suggested by STAMENOVIC and COUGHLIN (1999) , cellular viscosity and elasticity moduli measured by micropipette manipulation, atomic force microscopy or microplate device can be accurately predicted by the open unit-cell model, because these mechanical responses result from the bending of short actin filaments on the local scale or from the distortion of internal cellular components at the global cellular scale, it is worth noting that, to measure cellular viscosity using these three types of cellular micromanipulation technique, the applied forces have mostly been applied to the cell surface but not specifically to the point of convergence (adhesion plaques) of the highly polymerised internal CSK structure. This is because there is no specific linkage, such as that provided by mechanoreceptors of the integrin-type, between the cell sensor (i.e. the probe) and the cytoskeleton.
in a study on the shear and elastic moduli of the cytoplasm in F-actin gels and endothelial cells manipulated by micropipettes, SATCHER and DEWEY (1996) suggested that the cellular mechanical response may be mainly due to the local, interconnected F-actin network, the deformation of which results from the individual bending of some of the constitutive actin filaments. Moreover, during compression or extension using the microplate device, the deformation of the overall cell structure involves the global deformation of many cellular components, including the nucleus and the cytoplasm (CAILLE et al., 2001; HENON et al., 1999) . With these non CSK-specific techniques, the deformation of the cytoskeleton structure could not be separated from the other components of the cytoplasm. During atomic force microscopy measurements, a very local compression (given to be at the nanoscale) is applied at the cell surface, regardless of the mechanoreceptor sites. The probe indentation occurs either at the top (near the nucleus) or at the periphery (filopode or lamellipode) of the cell and therefore could only deform a cellular region limited to a neighbourhood close to the probe (CHARRAS and NORTON, 2002; MATHUR et al., 2000) . MATHUR et al. (2000) have reported that the cell response to such a local compressive force is variable, depending on the local shape of the cell as well as the point at which such a non CSK-specific force is applied.
On the whole, the present results suggest that, when stresses are applied using such non CSK-specific manipulation techniques, they may not be totally and specifically transmitted to the inner CSK structure, and hence, it is reasonable to expect a local response. Note that local and non CSK-specific cellular viscoelastic responses also include the local accommodation of the cell structure to the stress, as already mentioned in a previous study (HEIDEMANN et al., 1999) .
Assessment of CSK mechanical properties in response to 'CSK-specific' forces: the tensegrity model
The cellular viscosity and elasticity moduli measured by magnetic twisting cytometry, optical tweezers and magnetic bead microrheometry were found to fall in the range of values predicted by the 30-element tensegrity model and thus differ greatly from the values obtained with the microplate, atomic force microscopy and micropipette manipulation techniques (see Fig. 2 ).
In fact, in the experimental devices used in these studies, the stresses, induced mainly by extension forces, were specifically applied to the CSK by beads anchored to transmembrane receptors such as integrins (magnetic twisting cytometry, optical tweezers) (LAURENT et al., 2002b) or to the inner CSK filaments (magnetic bead microrheometry) (VALBERG and ALBERTIM, 1985; VALBERG and FELDMAN, 1987) . As suggested in previous studies on cellular tensegrity (INGBER and JAMIESON, 1985; INGBER et al., 2000; STAMENOVIC et al., 1996; WANG et al., 1993; WENDLING et al., 1999) , it now emerges that the overall CSK structure strongly contributes to the cellular viscoelastic properties evaluated by these CSK-specific techniques, simply because the probing system implies a specific CSK attachment, and the extension forces are therefore directly applied to the entire CSK structure.
Moreover, by analysing the mechanical responses of living adherent epithelial cells obtained by magnetic twisting cytometry with an heterogeneous model, LAURENT et al. (2002a) have identified two different CSK subdomains with their specific visco-elastic responses that would respond to the same stress applied by integrin mechanoreceptors: a thin, submembranous actin network of short filaments called 'cortical' actin CSK, and a large-scale, internal F-actin network, including highly polymerised stress fibres, called 'cytosolic' actin CSK. it appears from the Laurent et al. analysis that (a) both the cortical and cytosolic CSK components respond with a variable but complementary weight to the stress (b) the values of elastic moduli so obtained remain in the 'lower' range of predicted values that pertains to tensegrity models.
In other words, the cortical actin CSK stretched specifically through CSK mechanoreceptors would behave as a tensegrity structure, whereas stresses applied non-specifically to the CSK
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would rather lead to a different behaviour, namely a foam behaviour, as suggested above. One possible explanation could be that, owing to the heterogeneity of the cell structure, specific or non-specific stretching, twisting or compression leads to different apparent properties.
Comparison with the Stamenovic and Coughlin cellular elasticity estimates
STAMENOVIC and COUGHLIN (1999) compared the cell elasticity moduli determined experimentally using several methods, including magnetic twisting cytometry, optical tweezers, atomic force microscopy, magnetic bead microrheometry, micropipette manipulation and microplate device. The authors attempted to explain the discrepancies between the experimental data in terms of the magnitude of the deformation of the cell tested using these devices: the open unit-cell model yielded an elastic modulus (102-104pa) consistent with measurements taken when attempting to apply a large compressive stress to the cell using microplate, cell poking, atomic force microscopy and magnetic bead microrheometry methods, where the bending of the CSK filaments was taken to be the key mechanism for the resistance to large compression (STAMENOVIC and COUGHLIN, 1999) . On the other hand, they suggested that the tensegrity model yielded a much lower elastic modulus (101-102 Pa), which is consistent with measurements obtained using methods such as magnetic twisting cytometry and micropipette manipulation (given by SATO et al. (1990) ) at presumed low applied stress levels, where the prestress and the architecture were thought to be the prior determinants of the cells' elastic responses (STAMENOVlC and COUGHLIN, 1999) .
However, these authors did not take into account either the scale of different CSK subdomains subjected to external loading or the conditions under which the external forces were applied to the cells, and we now propose some new explanations for the differences between the experimental data. in fact, the CSK structure in non-adherent cells is strictly submembranous, and there is no CSK filament in the inner cytoplasm. Thus it is reasonable to consider that micropipette manipulations greatly deform this cortical CSK by applying compressive forces throughout the cell membrane, without specifically affecting the transmembrane mechanical receptors linked to the actin filaments, such as those forming the integrin complex.
interestingly, it was observed here that, the greater the micropipette diameter, the smaller the elasticity modulus turned out to be; SATO et al. (1990) , for instance, used a 4 gm 2 diameter micropipette and obtained a cell elasticity of ~ 10 Pa, whereas LAURENT et al. (2000) used a 3.8 gm diameter micropipette and obtained a cell elasticity of ~3 x l02Pa, and THOUMINE and OTT (1997b) used a 2.8 gm diameter micropipette and obtained a cell elasticity of ~1.8 x 10 4 Pa. The larger the diameter of the micropipette, the larger the CSK subdomain explored experimentally has to be. THOUMINE and OTT (1997b) probably measured the mechanical properties of a short cortical CSK domain, in line with the predictions of the open unit-cell model, whereas SATO et al. (1990) probably applied their micropipette manipulation forces to a larger-sized cellular domain in which some elements, such as the nucleus and/or the or the cytosolic fluid, were undergoing spatial displacements, in line with the lower elasticity modulus values predicted by the tensegrity model.
On the other hand, the cellular elasticity modulus values measured using the magnetic bead microrheometry (MBM) technique, as reported by Stamenovic and Coughlin, seem to be overestimated in comparison with the predictions of the open unit-cell model (STAMENOVIC and COUGHLIN, 1999) . During MBM, the location of the bead in the cytoplasm cannot be controlled well, and some of the beads may be connected to the CSK filaments, in addition, VALBERG and FELDMAN (1987) have reported that the size of the magnetic beads can dramatically influence cellular mechanical measurements when the size of the bead is smaller than the pores characteristic of the surrounding CSK; the corresponding measurements may then reflect the visco-elastic properties of both the CSK structure and the surrounding fluid.
Nevertheless, the differences observed here between the possible mechanisms involved in CSK deformation are not mutually exclusive and should provide complementary ways to evaluate the overall cellular mechanical response, indeed, the overall cellular response may involve a combination of many mechanisms at different points and scales in the cell, including the individual bending of some CSK filaments along with (and mechanically 'connected' to) the spatial displacement of some CSK filaments that may or may not undergo the same bending process. These combinations of many mechanisms would explain why some experimental measurements are in agreement with the predictions of either the open unitcell model or the tensegrity model, or with both models, as occurs in the case of micropipette manipulation and magnetic bead microrheometry.
Obviously, the real architecture of living cell cytoskeleton corresponds to a more complex structure than the present tensegrity and foam models. Hence, these models could be seen as too grossly oversimplified to describe accurately the CSK network. However, in a first attempt to describe the multifactor processess governing the CSK mechanical responses, it is of interest to consider rival, but relatively simple, structural models, indeed, many features regarding the CSK architecture and its mechanical response remain to be identified and understood. We still are at the stage where such elementary models bring new and relevant knowledge concerning the fundamental role of the CSK structure in cellular mechanical response (CANADAS et al., 2002; INGBER et al., 2000; SATCHER and DEWEY, 1996; STAMENOVIC and COUGHLIN, 1999; WENDLING et al., 2000a; . in addition, we have shown in previous studies that the 30-element tensegrity model is representative of spherical tensegrity structures and can be adapted to analyse the multimodular CSK network (LAURENT et al. 2002a; WENDLING et al., 2003) . Similarly, the present open unit-cell model has to be seen as a structural and mechanical unit of the whole F-actin network (SATCHER and DEWEY, 1996) . These structural models can be enhanced by increasing the number of constitutive elements and/or the types of element. Also, the geometric and mechanical properties of each element or group of elements could be taken distinctly (e.g. non-linear visco-elastic laws). Thus further studies could be performed by taking into account other parameters related to the apparent non-Newtonian viscoelastic response of cells, such as the cytoplasmic fluid properties, the nucleus role and the dynamic connectivity between CSK filaments, as well as the physical properties of the substrate.
